filler and the matrix) should be targeted simultaneously. Here we demonstrate that double walled carbon nanotubes (DWNTs) [10, 11] , consisting of two coaxial concentric tubes, could be considered as the preferable reinforcing filler in polymer matrices; they possess mechanical properties, structural and thermal stability which are superior to SWNTs [12] .
Furthermore, chemical moieties which are selectively introduced on the outer tubes [13] provide effective anchoring sites for strong bonding with polymers, while the optical properties of the inner tube of the DWNTs remain unchanged. It is noteworthy that the chemical moieties introduced on the sidewalls of the DWNTs strongly affect the individualized species of DWNTs in dimethylformamide (DMF) . Furthermore, we demonstrate that DWNTs which have been individually dispersed in polyimide prepared by combining the chemical modification of the tubes and an in-situ polymerization process contributed to the largely enhanced mechanical, thermal and electrical properties of polyimide composites while sustaining their transparency.
In this study, we have used highly pure and crystalline DWNTs having the inner and outer diameters of ca. 0.9 and 1.6 nm [10] , prepared by the catalytic chemical vapor deposition and a subsequent purification process. In order to improve dispersability of the DWNTs and activate the surface sites, we have selectively introduced three types of chemical moieties (carboxylic, benzylisocyanate and phenylisocyanate groups) on the sidewall of the DWNT [14] . To understand the effects of the dispersion quality of DWNTs within the polyimide, non-isolated and isolated DWNT solutions in DMF were prepared under strong sonication and centrifuge ( Fig. S1 (a) ). Finally, in-situ polymerized polyimide films (Fig. S1 (b) ) were evaluated in terms of their mechanical and thermal properties as well as electrical conductivity (see detailed experimental).
Low-frequency Raman spectra of pristine and chemically functionalized DWNTs were measured in order to observe the changes in the radial breathing mode (RBM) ( Fig. 1 (a) ).
Even though there was no significant change for the peaks at ca. 270 and 324 cm -1 , which correspond to the inner tubes, the RBM frequencies below 220 cm -1 originating from the outer tubes of DWNTs are clearly depressed for chemically modified DWNTs since the chemical moieties covalently bonded to the carbon atoms of the nanotube selectively modify the van Hove singularities of the outer tubes [9] . In the case of DWNTs with carboxyl groups, the intermolecular hydrogen bonds between adjacent tubes cause the upshift of the RBM (associated with the outer tube) because no distinctive change was observed in the size of bundle (ca. 50 nm) between the pristine and the carboxyl groups-introduced DWNTs ( Fig. 1   (b, c) ). On the other hand, the phenylisocyanate and benzylisocyanate groups on the sidewall of the DWNT give rise to strong π-π interaction between adjacent tubes, and result in the formation of large bundles with sizes ranging from 60 to 80 nm in diameter ( Fig. 1 (d, e) ).
However, the absence of changes in the RBM frequency for the large bundled DWNT sample suggests the loosely packed nanotubes (or weak intertube interaction) within the bundle due to the presence of long chemical moieties.
We have examined, using optical spectroscopy [15] , the dispersability of pure and chemically modified DWNTs in DMF. The weak and flat absorption spectrum of the pure DWNTs is reflected by its low dispersability due to its intrinsic hydrophobic nature, while the chemical modification clearly improved the dispersion status of DWNTs in DMF ( Fig. 2 (a) ).
Moreover, the phenylisocyanate and benzylisocyanate groups-decorated DWNTs exhibited the well-resolved sharp absorption peaks due to their excitonic transitions between van Hove singularities, thus indicating that they are individually dispersed in DMF. The absorption peaks located at 500-800 nm could be assigned to the E 22 S of the inner tubes while the absorption peaks between 900 and 1300 nm correspond to the E 22 S of the outer tubes. For comparison, the bundled or non-isolated DWNTs exhibited broad and weak absorption spectra due to the superposition of electronic transitions (Fig. S2 ) [15] . In order to identify the individualized DWNTs in DMF, we have obtained photoluminescence (PL) maps of the carboxyl-and phenylisocyanate-attached DWNT solutions (Fig. 2 (b, c) ). The carboxyl group-decorated DWNT solution exhibited strong PL peaks, which are assigned to the inner tubes with chiralites (10,2), (8, 3) , (7, 5) and (6, 5) . After attaching phenylisocyanate groups, the individualized species were changed to the large sized tubes having the inner tubes with chiralites (10,2), (9, 4) and (8, 6) . This result strongly indicates the possibility for the diameter- Fig. 3 (a-c) ). As shown in Table 1 and Fig. 3 (d After being dispersed in DMF under stirring, three samples having different dispersion states were prepared by controlling sonication and ultracentrifugation parameters. The pristine and chemically functionalized DWNTs (2 mg) were dispersed in 100 ml under strong ultrasonication (US-300T, NIHONSEIKI KAISHA LTD.). We designated this tube solution as non-isolated DWNT solution because dispersed tubes in DMF consist of isolated and bundled tubes. Subsequently, the sonicated solutions were subjected to ultracentrifuge (Optima MAX-XP, Beckman Coulter, 9,000 g, 5 °C) for 1 hr in order to prepare completely isolated tubes in DMF (isolated DWNT solution). Fig. S1 (a) describes the schematic method to prepare non-isolated and isolated DWNT solutions. Finally, isolated DWNT solutions were condensed to have same concentration of tubes (ca. 2 mg of tubes in DMF) to non-isolated DWNT solution.
In-situ polymerization nanocomposites of polyimide (polyamic acid) with chemically modified

DWNTs:
The precursor for polyimide (polyamic acid (PAA)) was synthesized using pyromellitic Then PAA/DWNTs films were cured at 100 °C in vacuum for 1 h to form DWNTs-reinforced polyimide films having a thickness of ca. 0.51 μm and 0.1 wt % of DWNT with regard to polyimide. A schematic description for in-situ polymerization procedure is shown in Fig. S1 (b).
Structural characterizations:
The Fourier transform infrared (FT-IR) spectroscopic measurements were performed to identify a structure of PAA, PI synthesized and functionalized DWNTs using IR Prestige-21
(Shimadzu) equipped with attenuated total reflectance. Raman, absorption spectra and photoluminescence map were obtained using Kaiser HoloLab5000 system (532 laser line), UV-VIS-NIR spectrophotometer (Shimadzu soildspec-3700) and Shimadzu NIR-PL system.
The macro-morphology of chemically functionalized DWNTs was observed using a field emission scanning microscopy (FE-SEM) (JSM6335Fs). We also carried out thermogravimetric analysis (Shimadzu DTG-60/60). The samples were scanned from 0 to 900 o C with the heating rate of 2 o C/min in argon. Electrical conductivity measurement was carried out using the 1M6ex ZAHNER electric analyzer. A standard four probe method was 
